a2 United States Patent

US009344099B2

(10) Patent No.: US 9,344,099 B2

Buckler (45) Date of Patent: May 17, 2016
(54) CONTINUOUS FREQUENCY (56) References Cited
MEASUREMENT FOR PREDICTIVE U.S. PATENT DOCUMENTS
PERIODIC SYNCHRONIZATION o
. 6,864,722 B2 3/2005 Adkisson
(71)  Applicant: ADVANCED MICRO DEVICES, 8428207 B1* 4/2013 Dallyetal. ..o 375/355
INC., Sunnyvale, CA (US)
OTHER PUBLICATIONS
(72) Inventor: Mark Buckler, Acton, MA (US) “A Predictive Synchronizer for Periodic Clock Domains”, U. Frank,
. T. Kapshitz, R. Ginosar, © Springer Science + Business Media, LLC
(73) Assignee: Advanced Micro Devices Inc., 2006, May 3, 2006.
Sunnyvale, CA (US) “Understanding Clock Domain Crossing Issues”, Saurabh Verma,
Ashima S. Dabre, Atrenta, EE Times, http://www.eetimes.com/docu-
(*) Notice: Subject to any disclaimer, the term of this ment.asp?doc_ id=1279906, Published Sep. 17, 2012, Retrieved on
patent is extended or adjusted under 35 S%Dl 1E7 ) 2138(1’52 1-11.  or: A Fast. All-Disital Periodic Svnchr
e rve ynchronizer: ast, -Digital Periodic synchro-
US.C. 154(b) by 162 days. nizer”, William J. Dally, Stephen G. Tell, Stanford University,
(21)  Appl. No.: 14/061,529 NVIDIA Corporation, © 2010 IEEE, pp. 75-84.
.No.: s
* cited b i
(22) Filed:  Oet. 23,2013 clted by examiiet
65 Prior Publication Dat Primary Examiner — Diana J Cheng
(65) rior Fublication [ata (74) Attorney, Agent, or Firm — Staniford Tomita LLP
US 2015/0109028 A1l Apr. 23,2015
(57) ABSTRACT
(31)  Int.Cl. Embodiments are described for a method of continuously
GOIR 25/00 (2006.01) measuring the ratio of frequencies between the transmit and
HO3D 13/00 (2006.01) receive clock domains of a heterochronous system using an
HO3L 7/193 (2006.01) array of digital frequency measurement circuits that provide
HO3L 7/091 (2006.01) overlapping frequency and detection interval measurements
HO3L 7/087 (2006.01) within single counter periods required for a single frequenc
g p q g quency
(52) US.ClL measurement circuit to complete a frequency measurement.
CPC ....cccee. HO3L 7/193 (2013.01); HO3L 7/087 Embodiments may be used in a predictive synchronizer to
(2013.01); HO3L 7/091 (2013.01) provide low latency, continuous frequency measurements for
(58) Field of Classification Search system-on-chip (SOC) devices that employ frequency drift or

CPC ... HO3D 13/004; HO3K 5/26; GOIR 25/00;

HO3L 7/0891; HO3L 7/085
USPC ittt 327/2-7
See application file for complete search history.

tclock
—>

EDGE
DETECTOR

rclock 102

—p

ramping to reduce power consumption and overheating con-
ditions.

16 Claims, 8 Drawing Sheets

o 100

deto

dete

CONTINUOUS f
FREQUENCY
MEASUREMENT

104 d
start 4
system

tdata

L)

PHASE PERIODIC rdata

ESTIMATOR SYNCHRONIZER |

»

110

108 p_estimate

CONTINUOUS
DETECTION
INTERVAL
MEASUREMENT
106




US 9,344,099 B2

Sheet 1 of 8

May 17, 2016

U.S. Patent

1 "Old

ajewnss d
Arllllll.ll.II

]

ejep)

oLt

4——1 YIZINOYHONAS
eiepl 21doly3ad

801

JOLVINILSE
3SVHd

901
ININIFHNSYIN
TVAYTILNI
NOILD313d
SNONNILNOD

woisAs

aj1ep

019p

volL
ININWIHNSVYIN
AON3INO3YS
SNONNILNOD

yejs

col
d019531340
390d3

A||
)oojol

A-Illll
%00j0}




U.S. Patent May 17, 2016 Sheet 2 of 8 US 9,344,099 B2

rdata

210
rclock

206
Sel
208

FIG. 2

phase

204

202
E
J
o)

tdata
tclock



US 9,344,099 B2

Sheet 3 of 8

May 17, 2016

U.S. Patent

¥ "Old

Ww9)sAs 1elg
[49)74 yels <
INIWIHNSVYIN 4 o
IVAH3LNI NOILO313d
a19|dwos p
*—g01
waysAs ur1g
c0¢ pes <
INFWIHNSVYIN = d0
AONIND3HA
219/dwos™}
— 40}



U.S. Patent May 17, 2016 Sheet 4 of 8 US 9,344,099 B2

bad —
S
A
- A
S o |
—
ol B
Q .
= e] © 3 "k
4 O framsnmsnte
3 2 Al Junond
o O for
8 ko] [ Y
=1 unon < [
ol %9 . ©
Lo @ (o] s o
= 0 g% 3 d
= — ol 414 54 L
«[El =[® LL f 2
=) §< o§<
L —
© O
ot | 5N
X
el o N e
| = | WuNond
ko) e O | .
] wneo T3
=- b
o )
.__._Tm = N 54
17 3] N & <
L

302 —p
402 —p
st



US 9,344,099 B2

Sheet 5 of 8

May 17, 2016

U.S. Patent

0

tawepdn

4Pl udw —

L '9Old

railisrle]
THN3ID
(sapfo ZTS)saepdn Usamlag awl] (sapAd $Z0T) 2wl 3e3s pjod
saepdn u29miaq aduel sjqeidadde UIYUM 3q o3
pawnsse s| 45/} = }Ing ‘UIBaq mou ued 13 suBl)erR( leu3ss 14235
— 008
_A ¥0.

Y ( [1;
\ U \ siaduod,
¥} | U

wesASueIS

c0L



US 9,344,099 B2

Sheet 6 of 8

May 17, 2016

U.S. Patent

806

Jugdaisow

V6 'Old

WalsASLIEIS

ap|dwod gy

33[dwod g}

— 006



US 9,344,099 B2

Sheet 7 of 8

May 17, 2016

U.S. Patent

Jusdaisow

g6 Old

1Y

opP

m
m.,; ;
ainseap «[1IB)s w
uonosleg

apjdwo pp

ainsesyy | (0141 —-
uonosleQ

coy

pdwordp

wasAgrIels

— 016



US 9,344,099 B2

Sheet 8 of 8

May 17, 2016

U.S. Patent

0L "Old

¢oolL

100}

(11
wadansow
(T

[los
a18|dwoal)
aladwiodgy
Lueis
guels

wasAguels



US 9,344,099 B2

1

CONTINUOUS FREQUENCY
MEASUREMENT FOR PREDICTIVE
PERIODIC SYNCHRONIZATION

TECHNICAL FIELD

Embodiments relate generally to predictive synchronizers,
and more specifically to a continuous frequency measure-
ment system for predictive synchronizers to provide low
latency synchronization in systems with dynamic frequency
clock domains.

BACKGROUND

Modern system-on-chip (SOC) devices often utilize mul-
tiple clocks that produce different clock domains within the
same chip. Issues associated with clock domain crossings
include metastability, data loss, and data incoherency. Meta-
stability is caused when signal transitions occur close enough
to active clock edges such that setup or hold violations cause
an output signal to oscillate indefinitely until a later clock
signal settles it to a stable value. Systems often utilize syn-
chronizer logic circuits to transmit data between different
clock domains (referred to as transmit/receive domains or
source/destination domains) to avoid metastability and other
problematic timing conditions. Synchronizers generally
comprise flip-flop circuits that introduce signal delays to
allow oscillations to settle down to produce a stable output at
the destination domain.

Predictive synchronizers have been developed that use
information about the transmitting and receiving clock
domains to decrease both failure rate and data transmission
latency. Predictive synchronization is advantageous in that it
is low latency (assuming the prediction data is correct) and
can completely avoid the chance of metastablity. However, if
either clock frequency (receive or transmit) goes outside ofan
acceptable range due to drift or active ramping then miss-
predictions may occur. Such miss-predictions cause a high
chance of metastability which breaks any logic connected to
the synchronizer and defeats the purpose of the synchronizer.
Existing predictive synchronizers have generally used high
latency measurement circuits to get the information they need
from the transmit and receive clock domains, and these sys-
tems expect transmit and receive frequencies to stay within a
certain range around the measured value during the entire
operation. Existing predictive synchronizers thus require
information collected from frequency measurement circuits
with high latency. This information is acquired during a mea-
surement state and is not revisited during normal operation,
with the system assuming that frequencies will stay within a
small range. This means that if either clock frequency (re-
ceive or transmit) goes outside of the acceptable range due to
frequency drift or active ramping then miss-predictions will
occur and cause a high chance of metastability.

Although current predictive synchronizer designs perform
satisfactorily when used with static frequency devices, many
SOC devices purposely utilize frequency drift or frequency
ramping within one or more domains to enhance certain per-
formance or operating characteristics. For example, active
frequency ramping (up or down) occurs in a number of SOCs
and is a key mechanism in devices that feature dynamic
frequency scaling (DFS) or dynamic voltage scaling (DVS)
whereby performance or power consumption of the device is
reduced based on work load or operational characteristics to
save power or reduce the amount of heat generated by the
device. Present predictive synchronizer circuits are of limited

10

15

20

25

30

35

40

45

50

55

60

65

2

usefulness in such SOC devices because of their inability to
efficiently accommodate dynamic frequency changes in dif-
ferent clock domains.

A particular predictive synchronizer has been developed
for periodic clock domains in which two versions of data are
latched and selected according to the output of a phase com-
parator that compares the two clocks (i.e., the transmit
domain and receive domain clocks). As stated above, such a
circuit requires advanced knowledge of the transmit and
receive frequencies and is non-adaptive with respect to
changing or ramping frequencies. Certain other predictive
synchronizers have been developed that accommodate vari-
able frequencies, however such systems generally do not
provide continuous frequency measurement and uninter-
rupted synchronization. What is needed, therefore, is a
method of continuous frequency measurement in disparate
clock domains of an SOC device that allows data to be trans-
ferred without interruption while clock frequencies drift or
even ramp up and down.

The subject matter discussed in the background section
should not be assumed to be prior art merely as a result of its
mention in the background section. Similarly, a problem
mentioned in the background section or associated with the
subject matter of the background section should not be
assumed to have been previously recognized in the prior art.
The subject matter in the background section merely repre-
sents different approaches.

SUMMARY OF EMBODIMENTS

Some embodiments are described for a method of continu-
ously measuring frequencies in different clock domains of a
heterochronous system by measuring a ratio of the frequency
of a transmit clock domain to a receive clock domain over a
number of clock cycles defining a first measurement period,
and measuring a ratio of the frequency of the transmit clock
domain to the receive clock domain over a number of clock
cycles defining at least one or more subsequent measurement
periods, wherein the cycle length of the first measurement
period is equal to each of the subsequent measurement peri-
ods, and wherein each of the at least one or more subsequent
measurement periods is started within the first measurement
period. The method further comprises continuously measur-
ing the ratio of the frequency over a plurality of measurement
periods and subsequent measurement periods over an overall
time period to provide continuous frequency updates of the
ratio of the transmit clock domain frequency to the receive
clock domain frequency. The continuous frequency updates
are provided to a periodic synchronizer for synchronization
of data transferred from the transmit clock domain to the
receive clock domain. The number of subsequent measure-
ment periods is an integer number n, and wherein each sub-
sequent measurement period is started within the first mea-
surement period at an interval separated by 1/n clock cycles.

In an embodiment, two frequency measurement circuits
are used. In this case, the method comprises taking a first
frequency measurement at a beginning of a measurement
cycle, the first frequency measurement comprising a ratio of
the transmit clock domain frequency to the receive clock
domain frequency, taking a second frequency measurement at
approximately half the measurement cycle, the second fre-
quency measurement comprising a ratio of the transmit clock
domain frequency to the receive clock domain frequency, and
repeating the first and second frequency measurements for
subsequent measurement cycles to provide continuous
updates of the ratio of the transmit clock domain frequency to
the receive clock domain frequency for each subsequent fre-
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quency measurement time. The method may further comprise
maintaining a receive counter to count clock cycles for the
receive clock domain, asserting a first done signal upon over-
flow of the receive counter, wherein an asserted first done
signal indicates a completion of the measurement cycle for
the receive clock domain, maintaining a transmit counter to
count clock cycles for the transmit clock domain, and assert-
ing a second done signal upon overflow of the receive counter,
wherein an asserted second done signal indicates a comple-
tion of the measurement cycle for the transmit clock domain.

The method may further comprise providing the continu-
ous updates of the ratio of the transmit clock domain fre-
quency to the receive clock domain frequency as a sequential
plurality of frequency values to a phase estimator circuit in
conjunction with a plurality of continuously updated detec-
tion interval measurement values, wherein each detection
interval measurement value comprises a time delay used in a
phase detection circuit in terms of the transmit clock domain
frequency. Even and odd edge detection values may be pro-
vided to a phase estimator circuit, wherein the phase estima-
tor circuit derives an estimated phase of the transmit clock.
The estimated phase of the transmit clock and data transmit-
ted from the transmit clock domain may then be processed in
an even/odd synchronizer to generate receive data synchro-
nized to the receive clock domain frequency.

Some embodiments are directed to an apparatus or system
comprising one or more processing elements that perform the
acts or process steps of the two methods described above.

BRIEF DESCRIPTION OF THE DRAWINGS

In the following drawings like reference numbers are used
to refer to like elements. Although the following figures
depict various examples, the one or more implementations
are not limited to the examples depicted in the figures.

FIG. 1 is a block diagram of a continuous frequency mea-
surement periodic synchronizer, under some embodiments.

FIG. 2 illustrates an even/odd periodic synchronizer that
may be used with embodiments of'a continuous measurement
synchronizer, under some embodiments.

FIG. 3 illustrates a continuous frequency measurement
component, under some embodiments.

FIG. 4 illustrates a continuous detection interval measure-
ment component, under some embodiments.

FIG. 5 is a circuit diagram illustrating an example fre-
quency measurement circuit for use in the continuous fre-
quency measurement component, under an example embodi-
ment.

FIG. 6 is acircuit diagram illustrating an example detection
interval measurement circuit for use in the continuous detec-
tion interval measurement component, under an example
embodiment.

FIG. 7 is a timing diagram illustrating the operation of a
continuous frequency measurement circuit, under an embodi-
ment.

FIG. 8 illustrates a method of performing parallel fre-
quency measurements, under an embodiment.

FIG. 9A illustrates a parallel continuous frequency mea-
surement system, under some embodiments.

FIG. 9B illustrates a parallel continuous detection interval
measurement system, under some embodiments.

FIG. 10 illustrates a sample a timing diagram showing the
operation of the circuit of FIG. 9A, under some embodiments.

DETAILED DESCRIPTION

Embodiments are generally directed to a system and
method for providing continuous frequency measurement for
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predictive periodic synchronizers used in SOC and similar
devices that feature different clock domains with frequencies
that may drift or ramp within each domain. Frequency and
detection interval measurements are continuously updated
using a series of measurement circuits and dynamically scal-
able counters to provide recent relevant frequency data
regarding the transmit and receive domains of the SOC for use
by a periodic synchronizer to provide low latency synchroni-
zation for data transfers between the two domains.

Any of the embodiments described herein may be used
alone or together with one another in any combination. The
one or more implementations encompassed within this speci-
fication may also include embodiments that are only partially
mentioned or alluded to or are not mentioned or alluded to at
all in this description or in the abstract. Although various
embodiments may have been motivated by various deficien-
cies with the prior art, which may be discussed or alluded to
in one or more places in the specification, the embodiments
do not necessarily address any of these deficiencies. In other
words, different embodiments may address different defi-
ciencies that may be discussed in the specification. Some
embodiments may only partially address some deficiencies or
just one deficiency that may be discussed in the specification,
and some embodiments may not address any of these defi-
ciencies.

Embodiments include a continuous frequency measure-
ment mechanism for use with predictive synchronizers. In a
non-dynamic predictive synchronizer, information regarding
transmit and receive frequencies in heterochronous or peri-
odic domains is generally supplied by a measurement circuit
that is used only once during startup of the system. This
synchronizer requires a measured value of the ratio between
the transmit clock (tclock or tclk) frequency and the receive
clock (rclock or relk) frequency (f=f/f,) as well as the time
delay used in the phase detection circuit in terms of the
transmit clock frequency (d=t,/t,.). A heterochronous sys-
tem is generally one in which the transmit and receive clock
domains operate at nominally different clock frequencies.
The frequencies may differ from each other by a defined
minimum frequency value based on operating characteristics
of the two domains, or they may be defined by a central or
common timing circuit. The differences may range from frac-
tions to multiples of either frequency. Since the measurement
circuit requires many clock cycles to wait for large counters to
overflow, the measurement process takes a long time. For
example, in present systems the measurement time standard
is typically 1024 cycles long. This latency would be incurred
every time the transmit or receive clock frequencies drift or
ramp outside of the acceptable range since the frequency ratio
and time delay need to be re-measured. A current solution to
this problem in known systems is to switch to a brute force
(therefore high-latency) synchronizer when clock frequen-
cies leave the measured range. This is generally impractical in
the likely situation that clock frequencies settle at values
previously not measured or in which the clock frequencies in
either or both domains continuously ramp up or down
between different values. In these situations, the circuit will
have no choice but to continue using the brute force synchro-
nizer and will never benefit from the low latency predictive
synchronization.

Although embodiments are described with respect to het-
erochronous timing domains, it should be noted that embodi-
ments may be applied to any system in which synchronization
between two circuits operating at different frequencies is
required, and in which the frequency in either or both circuits
may vary or drift over time. A heterochronous or periodic
system is generally one in which the transmit and receive
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clock domains operate at nominally different clock frequen-
cies. The frequencies may differ from each other by a defined
minimum frequency value based on operating characteristics
of the two domains, or the two frequencies may be set by
individual timing circuits or a common timing circuit that
generates different timing domains through the use of divid-
ers, multipliers, or other logic circuits.

Embodiments include a mechanism that removes the need
for a re-measure state in predictive synchronizers. A continu-
ous measurement system always supplies relevant or reason-
ably relevant (up-to-date) data for situations when clock fre-
quencies drift or are actively ramped. This allows
measurement latency to be completely unseen by the trans-
mitter or receiver, and therefore allows uninterrupted data
transfer between two domains during frequency changes
within either domain.

FIG. 1 illustrates a predictive synchronizer system that
implements continuous frequency and detection interval
measurement circuits, under some embodiments. System 100
of FIG. 1 comprises an edge detector (also referred to as a
phase detection unit) 102 coupled to a phase estimator 108
that provides an estimate of the transmit clock phase to a
periodic synchronizer 110. In an embodiment, the periodic
synchronizer 110 may be implemented as an even/odd syn-
chronizer that transmits a data signal from the transmit clock
domain to the receive clock domain. FIG. 2 illustrates an
even/odd periodic synchronizer that may be used with
embodiments of a continuous measurement synchronizer
system 100, under some embodiments. The periodic synchro-
nizer 110 shown in FIG. 2 writes the transmit data (tdata)
alternately to a pair of registers 202 and 204, denoted even (E)
and odd (O), respectively. An even or odd control signal
coupled to both registers causes the data to be written to the
even register 202 on even transmit clock (tclock) cycles and to
the odd register 204 on odd tclock cycles. A multiplexer 206
and selection circuit 208 allows the receiver to select the most
recently written register that is safe to sample at the end of the
current receive clock (rclock) cycle. This selection is based on
the predicted tclock phase at the end of the current rclock
phase input to the selection circuit 208. The selected data is
then output from latch 206 as receive data (rdata) synchro-
nized to the receive clock rclock. It should be noted that the
even/odd synchronizer circuit 110 illustrated in FIG. 2 is one
example of a periodic synchronizer that can be used in con-
junction with embodiments of the continuous frequency mea-
surement system 100, and other types and implementations of
periodic synchronizers may also be used.

In an embodiment, the tclock phase provided to the selec-
tion circuit 208 is not known absolutely, but is instead esti-
mated using phase estimator 108. Thus, as shown in FIGS. 1
and 2, the phase information provided to the periodic syn-
chronizer corresponds to the phase estimate (p_estimate) sig-
nal output from the phase estimator 108. For the system
shown in FIG. 1, the phase estimator generates an estimated
transmit clock phase based on even and odd edge detections
(dete, deto) from an edge detector component 102 and con-
tinuous frequency measurements (f) and detection interval
measurements (d) from components 104 and 106, respec-
tively. In an embodiment, the edge detector 102 is a circuit
that is configured to detect when a transition on a transmit
data signal falls within a defined time window around the
receive clock (rclock) edge. The circuit may comprise a suit-
able arrangement of flip-flop and logic circuits to sample
delayed tclock and rclock signals to generate early and late
samples that are synchronized to the receive clock domain by
one or more synchronizer circuits. Differences between early
and late circuits are detected by logic circuits that generate
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appropriate edge detection signals. For the embodiment of
FIG. 1, if the early sample is high and the late sample is low,
an even edge of tclock is detected and the dete (even detec-
tion) signal is asserted. Conversely, if the early sample is low
and the late sample is high, an odd edge of tclock is detected
and the deto (odd detection) signal is asserted.

The phase estimator circuit 108 may be implemented
through a circuit configured to produce lower and upper
bound estimates of the tclock phase. When the phase esti-
mates are valid, the transmitter phase is known to be within
the interval defined by these upper and lower bound esti-
mates. In operation, the phase estimator receives the edge
detection information from the edge detector 102. On each
edge detection, the phase estimates are initialized to an initial
value and then advanced in by an appropriate value based on
whether an edge is detected or not detected. The system
selects the most recent safe register to sample based on the
lower bound of the transmit phase and the select circuit 208
samples the even register 202 if the phase is within a defined
range, or the odd register 204 if it is not.

As shown in FIG. 1, the phase estimator receives frequency
(f) data from a continuous frequency measurement compo-
nent 104 and detection interval (d) data from a continuous
detection interval measurement component 106. These two
continuous measurement components supply up-to-date data
to the periodic synchronizer 110 for situations when clock
frequencies (either tclock or rclock) drift or are actively
ramped between different values.

FIG. 3 illustrates a continuous frequency measurement
component and FIG. 4 illustrates a continuous detective inter-
val measurement component, under some embodiments.
Both measurement circuits 104 and 106 operate by monitor-
ing counters connected to receiver clock and transmitter clock
signals. When the appropriate respective counter overtlows,
each circuit outputs a ‘complete’ or ‘done’ signal. The con-
tinuous frequency measurement circuit 104 of FIG. 3 shows
that a “frequency complete’ (f_complete) signal is fed back
into the start signal for triggering a frequency measurement
circuit 302. This creates a loop where the measurement circuit
302 will restart itself every time it has completed a frequency
measurement. FIG. 4 shows the feedback loop for the con-
tinuous detection interval measurement circuit 106 wherein a
‘detection complete’ (d_complete) signal is fed back into the
start signal for triggering a detection interval measurement
circuit 402.

FIG. 5 is a circuit diagram illustrating an example fre-
quency measurement circuit for use in the continuous fre-
quency measurement component 302, under an example
embodiment. Circuit 302 includes two counters 501 and 503
denoted receive counter CR and transmit counter CT to com-
pute the frequency (f), which is the frequency of the transmit
clock relative to the receive clock. The frequency measure-
ment is initiated by a start signal, st. The rising edge of this
signal resets the receive counter and is also passed into the
transmit clock (tclk) domain through synchronizer 502 to
produce signal st which is used to reset the transmit counter
503. When the receive counter reaches a terminal count,
signal tc is asserted and is synchronized into the the transmit
clock domain. This synchronized terminal count signal, tc,
stops the transmit counter. The terminal count value of the
receive counter 501 is configurable based on the size of the
counter, thus, for example, a 10-bit counter provides a termi-
nal count of 1023 (2°). The delay of the synchronizers 502 and
504 are balanced so that the final count out of transmit counter
503 reflects the number of transmit clock cycles that occurred
during the 2 receive clock cycles. This gives the relative
frequency of the transmitter, f=f,/f;. The terminal count sig-
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nal is synchronized back into the receive clock domain to
produce signal tc, which is a ‘done’ signal that indicates
when the frequency measurement is ready and enables its
capture in result register (RR) 508. In an embodiment, the
three synchronizer circuits 502, 504, and 506 are used only
when the frequency is measured after a reset, and the delay of
these synchronizers may be set relatively high to decrease a
probability of synchronization failure.

FIG. 6 is acircuit diagram illustrating an example detection
interval measurement circuit for use in the continuous detec-
tion interval measurement component, under an example
embodiment. The detection interval measurement circuit 402
includes two counters 601 and 603 denoted second transmit
counter CT2 and counter CD. Circuit 402 operates by count-
ing the number of transmit clock cycles during which the det
signal is true during the number (2°') of transmit clock cycles
it takes for counter 601 to reach its terminal count. The output
of counter 603 is incremented to give an upper bound on 2d.
Right-shifting this number by one bit position gives d, and the
done signal indicates when the measurement of d is complete.
In an embodiment, the size of the CR and CD counters in
FIGS. 5 and 6 may be the same bit width (b) or they may be
of different bit widths (b and b"), as shown.

With reference to FIG. 3, the tc,, signal from frequency
measurement circuit 302 comprises an f_complete signal that
is fed back to the frequency measurement circuit through a
logical OR circuit to be combined with the start signal. Like-
wise, as shown in FIG. 4, the done signal from detection
interval measurement circuit 402 comprises a d_complete
signal that is fed back to the detection interval measurement
circuit through a logical OR circuit to be combined with the
start signal. These feedback loops provide a means of con-
tinuous frequency and detection interval measurement.

FIG. 7 is a timing diagram illustrating the operation of a
continuous frequency measurement circuit, under an embodi-
ment. Time interval 702 shows the time it takes until a data
transfer can begin, and time interval 704 shows the time in
between updates. The timing diagram of FIG. 7 starts with a
pulse on the StartSystem line. This asserts the start signal and
begins the frequency measurement. Once the circuit com-
pletes, the f_complete signal is asserted and the value for f] |
has been updated. Since the overflowing counter which trig-
gers the complete signal is b-bits wide, this circuit will give
updated frequency values every 2” clock cycles. The opera-
tion of the continuous detection interval measurement circuit
is analogous to that of the continuous frequency measurement
circuit as shown in FIG. 7, and a similar timing diagram (not
shown) would be generated for that circuit. In this case, the
StartSystem and start signals would create dcomplete and d[
] signals in accordance with the timing relationships illus-
trated in FIG. 7.

In general, the continuous measurement systems illus-
trated in FIGS. 3 and 4 work well if the frequencies stay
within the acceptable range for 2” clock cycles. With large
counters this can be very limiting since there may be a long
time between frequency updates. For example, in the case
where b=10, there would be 1024 cycles in between each
update based on a counter size (or width) of 1024 bits. For
systems that expect to ramp frequency more quickly, an alter-
nate circuit can be used. Under this alternative embodiment,
instead of only using one measurement circuit, two or more
measurement circuits are used for each of the f and d mea-
surements, with each measurement circuit started at stag-
gered times within a single counter period (e.g., 1024 cycles).
Such a system comprises a staggered, cascaded, or parallel
measurement scheme in which multiple frequency and/or
detection interval updates are provided within each counter

30

35

40

45

8

period so that frequent or virtually continuous updates of
frequency and detection interval are provided to the periodic
synchronizer.

FIG. 8 illustrates a method of performing parallel fre-
quency measurements, under an embodiment. In this embodi-
ment, a plurality of frequency measurement circuits is
employed to provide a number of frequency measurements
during each 2” time period. Diagram 800 illustrates a case in
which two circuits, circuit 1 and circuit 2, provide frequency
measurement updates during each 1024 cycle counter period
(for the case where b=10). As shown in the FIG. 8, a start
signal triggers circuit 1 to start its frequency measurement.
Halfway or approximately halfway through its measurement
cycle (512 cycles for b=10), circuit 2 then starts its respective
frequency measurement. The result of the circuit 1 frequency
measurement is denoted update 1, and the result of the circuit
2 measurement is denoted update 2. As can be seen from FIG.
8, this parallel overlapping frequency measurement scheme
provides frequency updates (f) twice or approximately twice
as often as the single frequency measurement case. In an
embodiment, any practical number of frequency measure-
ment cycles may be used to provide frequency measurement
updates. For ease of implementation, 2” circuits are typically
used. In the case of four circuits, circuits 2, 3, and 4 would be
configured to provide updates at ¥4 the 2° cycle time, e.g,,
256, 512 and 768 cycles (assuming b=10, as shown). The
update rate would then be n times more frequent than the rate
provided by a single measurement circuit. Other numbers of
circuits, other than 2, 4, 8, etc. may also be provided depend-
ing on system constraints and requirements.

FIG. 8 illustrates a parallel frequency measurement
method utilizing two or more frequency measurement cir-
cuits, such as circuit 302 in FIG. 5 to provide continuous or
near continuous frequency measurement updates. A similar
scheme may be implemented to provide parallel detection
interval measurements. In this scheme, two or more detection
interval measurement circuits, such as circuit 402 in FIG. 6
would be used to provide continuous or near continuous
detection interval measurement updates, in a similarly stag-
gered arrangement. In this case, each of the frequency mea-
surement circuit active times in circuits 1 and 2 would be
denoted detection interval circuit active times and the updates
(e.g., updates 1-4) would comprise updates of the detection
interval (d).

With respect to FIG. 8, the embodiments illustrate one or
more cases in which the frequency updates are uniform in
respectto their start times within each counter period. That is,
the updates are provided at 1/n intervals depending on how
many measurement (frequency or detection) are provided. In
an alternative embodiment, the updates may be provided at
non-uniform update times.

FIG. 9A illustrates a parallel continuous frequency mea-
surement system, under some embodiments. System 900
illustrates a system for implementing the parallel frequency
measurement method illustrated in FIG. 8. System 900
includes two frequency measurement circuits 302, denoted
frequency measurement 0 and frequency measurement 1.
Each frequency measurement circuit is triggered by a respec-
tive start signal (startO and start1), which are in turn triggered
by an input system start (StartSystem) signal. The start timing
of frequency measurement 1 is controlled by counter 904,
which in the case of FIG. 9A is configured to send the startl
signal at V2 the interval of frequency measurement counter.
Each frequency measurement circuit 302 generates a respec-
tive frequency output f0 and {1, which are then provided as the
frequency measurement update (f) from multiplexer 908.
Appropriate latching 906 and logic circuits control the fre-
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quency updates from the two measurement circuits 302 based
on the state of the respective f0 complete and f1 complete
signals.

FIG. 9A illustrates a parallel frequency measurement sys-
tem utilizing two or more frequency measurement circuits
302 to provide continuous or near continuous frequency mea-
surement updates. A similar system may be implemented to
provide parallel detection interval measurements. FIG. 9B
illustrates a parallel detection interval measurement system
utilizing two or more detection interval measurement circuits
402 to provide continuous or near continuous detection inter-
val measurement updates. System 910 includes two detection
interval circuits 402, denoted detection measurement 0 and
detection measurement 1. Each of these measurement circuits
is triggered by a respective start signal (startQ and startl),
which are in turn triggered by an input system start (StartSys-
tem) signal. The start timing of frequency measurement 1 is
controlled by counter 914. Each detection measurement cir-
cuit 402 generates a respective detection interval output dO
and d1, which are then provided as the detection interval
measurement update (d) from multiplexer 918. Appropriate
latching 916 and logic circuits control the detection interval
updates from the two measurement circuits 402 based on the
state of the respective dO complete and d1 complete signals.

As shown in FIGS. 9A and 9B, two or more frequency and
detection interval measurement circuits are cascaded and
started at different times based on respective input counters.
Any practical number of frequency measurement and/or
detection interval measurement circuits may be used, depend-
ing on how frequently the (f) and (d) updates are required to
provide relevant data to the periodic synchronizer 110. The
greater the number of measurements circuits that are pro-
vided, the finer the granularity of update data, although there
will generally be a proportionate increase in circuit complex-
ity, as each additional measurement circuit includes an addi-
tional counter (904 or 914) to produce the additional start
signals for each respective measurement circuit, and for the
embodiments shown, each additional counter is half the size
of the previous measurement circuit counter.

In an embodiment, each measurement circuit utilizes a
counter that defines a start period based on the size of the
counter. The counter is not configured to operate as a timer,
but rather counts a constant number of cycles based on its
size. For the frequency measurement circuit, the CR counter
501 acts as a stop circuit to provide the frequency update, and
for the detection interval measurement circuit, the CD
counter 603 acts as a stop circuit to provide the detection
interval update. These counters may or may not be the same
size, and the (f) and (d) updates may or may not be provided
at the same rate. Both the f and d measurement circuits are
triggered from the same clock, but the relevant stop counters
may be of different sizes, thus producing different update
rates. The update rate of each of the f and d measurements
may be tailored based on counter size, and may be configured
so that they update in a manner that provides the most relevant
data to the synchronizer, while minimizing circuit complex-
ity.

The embodiments of FIGS. 9A and 9B illustrate a case in
which the frequency measurement circuits are embodied as
circuit 302 of FIG. 5 and the detection interval measurement
circuits are embodied as circuit 402 in FIG. 6. It should be
noted that the frequency measurement and detection interval
measurement circuits may be implemented using different
circuits than shown in FIGS. 5 and 6 in alternate embodi-
ments.

FIG. 10 illustrates a sample a timing diagram showing the
operation of of the circuit of FIG. 9A, under some embodi-
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ments. The timing diagram shown in FIG. 10 starts with a
StartSystem pulse, which initiates the frequency measure-
ment O circuit. This start pulse also enters a delay line (or
modified counter) 904 which delays the start signal by half of
the time required for a measurement circuit to get a new value
measured in clock pulses. This delay time is shown by time
interval 1001 in FIG. 10. After this delay, the frequency
measurement 1 circuit is started. Eventually, frequency mea-
surement O finishes, and the active time is shown by time
interval 1002 in FIG. 10, and its output value is posted to fas
the most recent line is pulled low. This completion causes
startQ signal to be asserted, beginning the process all over
again. After time interval 1003, frequency measurement 1
finishes. This parallel circuit allows for updates to occur twice
as fast as the simple case involving a single frequency mea-
surement circuit, doubling the maximum frequency ramp
speed. As stated previously, this method could be used for any
number of additional measurement circuits (e.g., three to
eight circuits), eventually allowing for an updated measure-
ment every clock cycle if desired and possible within circuit
constraints.

The operation of the parallel detection interval measure-
ment circuit 910 is analogous to that of the parallel frequency
measurement circuit 900, and a similar timing diagram (not
shown) would be generated for that circuit. In this case, the
relevant start signals (StartSystem, startO, and start1) would
produce outputs dOcomplete, d1complete, dO[ ], d1[ |, mos-
trecent, and d[ ], in the same manner as shown in FIG. 10 for
the frequency updates.

In an embodiment, a scalable multi-stage frequency and
detection interval measurement circuit may be implemented
using a relatively large plurality of measurement circuits in
which one or more stages may be gated during operation
(on-the-fly) depending on speed requirements, power con-
sumption, and other operating characteristics. For example, a
four-stage frequency measurement circuit may be provided
such that four frequency updates are provided during a single
counter period. For fast frequency ramping in a frequency
domain, all four frequency measurement circuits may be
enabled by appropriate activation signals so that frequency
updates are provided at Y4, %5, ¥ and 1/1 intervals. In the
event that the frequency ramping is slow or power consump-
tion is high, two measurement circuits may be de-activated or
gated so that frequency updates are provided only at %2 and
1/1 intervals. In this embodiment a gate signal may be gen-
erated based on known or anticipated frequency ramp speed,
power consumption, and/or temperature characteristics, or
other operating parameters. Such a circuit can be configured
to generate an appropriate gate signal to each of the measure-
ment circuits based on defined operating parameters.

In a further alternative embodiment, the rate of updates (f
and d) may be changed by dynamically altering the size of the
appropriate stop counters. In most embodiments, the counters
are implemented through successive flip-flop circuits to form
a string of flip-flops. In an embodiment, a size circuit can be
used to tap off any number of flip-flop circuits to create
different size counters depending on measurement update
type (f or d) or operating conditions.

Embodiments provide an advantage over present systems
in that instead of waiting for large counters to overflow (often
thousands of cycles), the parallel measurement systems of
FIGS. 9A and 9B allow the predictive periodic synchronizer
to continuously calculate new transmit/receive frequency
ratios, with frequent updates based on a number of staggered
frequency measurement circuits (frequency and detection
interval). This removes any data latency during frequency
changes. Such a continuous measurement scheme is particu-
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larly useful in modern SOC systems with the adoption of
frequency ramping (such as in discrete GPUs), which makes
this latency even more important to the speed of the whole
system.

Embodiments of the continuous frequency measurement
system allows the use of predictive synchronization with
frequency ramping or systems with disparate frequency
domains in which the frequencies in the different domains is
not static. In general, synchronization is necessary whenever
multiple clock domains need to communicate to each other,
and predictive synchronization is the best way to get low
latency data transfer between domains. Current systems have
not efficiently accommodated frequency domains that feature
dynamic frequency shifts, often requiring the use of brute
force synchronizers and thus introducing excess latency back
into the system. As frequency ramping and clock drift are
being used in more and more SOCs, embodiments of a con-
tinuous frequency measurement system for predictive syn-
chronizers, as described herein provides effective frequency
updates for fast synchronization without incurring the laten-
cies associated with brute force synchronizers.

Although embodiments have been described for use in
relation to one or more types of predictive periodic synchro-
nizers, it should be noted that such embodiments may also be
used and/or modified for use with other types of predictive
synchronizers to allow for them to work with changing fre-
quencies as well.

For purposes of the present description, the terms “com-
ponent,” “module,” “circuit,” and “process,” may be used
interchangeably to refer to a circuit element or processing
unit that performs a particular function. Such a function may
be implemented purely in hardware or it may be implemented
through computer program code (software), digital or analog
circuitry, computer firmware, or any combination thereof.

It should be noted that the various functions disclosed
herein may be described using any number of combinations
of hardware, firmware, and/or as data and/or instructions
embodied in various machine-readable or computer-readable
media, in terms of their behavioral, register transfer, logic
component, and/or other characteristics. Computer-readable
media in which such formatted data and/or instructions may
be embodied include, but are not limited to, physical (non-
transitory), non-volatile storage media in various forms, such
as optical, magnetic or semiconductor storage media. Under
some embodiments, the computer readable media may store
program code or software instructions that are executed by a
computer system and cause the computer system to perform
at least some of the functions and processes of a method
described herein.

Some embodiments are also directed to computer readable
media comprising a data structure that is operated upon by a
program executable on a computer system. The program
operates on the data structure to perform a portion ofa process
to fabricate an integrated circuit including circuitry described
by the data structure. The circuitry described in the data
structure includes providing a method of taking a continuous
frequency measurement of different domains in a heterochro-
nous system in which the frequency in at least one domain of
two different clock domains changes or varies at a rate
exceeding a minimal frequency error range.

Unless the context clearly requires otherwise, throughout
the description and the claims, the words “comprise,” “com-
prising,” and the like are to be construed in an inclusive sense
as opposed to an exclusive or exhaustive sense; that is to say,
in a sense of “including, but not limited to.” Words using the
singular or plural number also include the plural or singular
number respectively. Additionally, the words “herein,” “here-
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under,” “above,” “below,” and words of similar import refer to
this application as a whole and not to any particular portions
of'this application. When the word “or” is used in reference to
a list of two or more items, that word covers all of the follow-
ing interpretations of the word: any of the items in the list, all
of'the items in the list and any combination of the items in the
list.

While one or more implementations have been described
by way of example and in terms of the specific embodiments,
it is to be understood that one or more implementations are
not limited to the disclosed embodiments. To the contrary, it
is intended to cover various modifications and similar
arrangements as would be apparent to those skilled in the art.
Therefore, the scope of the appended claims should be
accorded the broadest interpretation so as to encompass all
such modifications and similar arrangements.

What is claimed is:

1. A method for continuously monitoring frequencies
between transmit and receive clock domains, comprising:

taking a series of frequency measurements generated by a

first measurement loop that restarts itself whenever a
previous frequency measurement is complete;

taking a series of detection interval measurements gener-

ated by a second measurement loop that restarts itself
whenever a previous detection interval measurement is
complete; and

providing the series of frequency measurements and the

series of detection interval measurements to a phase
estimator that provides an estimate of the transmit clock
phase to a synchronizer arranged between the transmit
and receive clock domains during a condition in which at
least one of the transmit and receive clocks is actively
ramped between two frequencies.

2. The method of claim 1, wherein the first measurement
loop comprises a plurality of measurement cycles, each mea-
surement cycle comprising a period between a present fre-
quency measurement and the previous frequency measure-
ment, the method further comprising:

maintaining a receive counter to count clock cycles for the

receive clock domain; and

asserting a first done signal upon overflow of the receive

counter, wherein an asserted first done signal indicates a
completion of the each measurement cycle for the
receive clock domain.

3. The method of claim 2 further comprising:

maintaining a transmit counter to count clock cycles for the

transmit clock domain; and

asserting a second done signal upon overflow of the receive

counter, wherein an asserted second done signal indi-
cates a completion of the each measurement cycle for the
transmit clock domain.

4. The method of claim 3 wherein the each measurement
cycle is determined by a size of at least one of the receive
counter and the transmit counter.

5. The method of claim 4 wherein the at least one of the
receive counter and the transmit counter is a register of a
bit-size b, and wherein the each measurement cycle is a cycle
length of 2” cycles.

6. The method of claim 1 wherein the synchronizer com-
prises a predictive synchronizer configured to synchronize
data transferred from the transmit clock domain to the receive
clock domain.

7. The method of claim 6 wherein the transmit and receive
clock domains are heterochronous domains that operate at
different clock frequencies wherein the clock frequencies
differ from each other by a defined minimum frequency
value, and wherein at least one of the frequencies of the
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transmit and receive clock domains varies over time due to at
least one of a clock drift or the active ramping between the
two frequencies.

8. The method of claim 1 wherein each detection interval
measurement value comprises a time delay used in a phase
detection circuit in terms of the transmit clock domain fre-
quency.

9. The method of claim 8 further comprising providing
even and odd edge detection values to the phase estimator
circuit, wherein the phase estimator circuit derives an esti-
mated phase of the transmit clock.

10. The method of claim 9 further comprising processing
the estimated phase of the transmit clock and data transmitted
from the transmit clock domain in an even/odd synchronizer
to generate receive data synchronized to the receive clock
domain frequency.

11. A circuit comprising:

a frequency measurement circuit taking a series of fre-
quency measurements generated by a first measurement
loop that restarts itself whenever a previous frequency
measurement is complete;

a detection interval measurement circuit taking a series of
detection interval measurements generated by a second
measurement loop that restarts itself whenever a previ-
ous detection interval measurement is complete; and

an interface providing the series of frequency measure-
ments and the series of detection interval measurements
to a phase estimator that provides an estimate of the
transmit clock phase to a synchronizer arranged between
the transmit and receive clock domains during a condi-
tion in which at least one of the transmit and receive
clocks is actively ramped between two frequencies.

12. The circuit of claim 11 wherein the frequency measure-

ment circuit comprises:

a receive counter of bit size b to count clock cycles for the
receive clock domain;

a first component asserting a first done signal upon over-
flow of the receive counter, wherein an asserted first
done signal indicates a completion of a measurement
cycle for the receive clock domain;
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a transmit counter of bit size b to count clock cycles for the

transmit clock domain; and

a second component asserting a second done signal upon

overflow of the receive counter, wherein an asserted
second done signal indicates a completion of the mea-
surement cycle for the transmit clock domain.

13. The circuit of claim 12 wherein the measurement cycle
is a cycle length of 2 cycles, the circuit further comprising:

a trigger circuit receiving a start signal to initiate the taking

of the first frequency measurement at a first frequency
measurement time; and

one or more delay circuits delaying the start signal to each

of the subsequent frequency measuring circuits to ini-
tiate the taking of the subsequent frequency measure-
ments at corresponding subsequent frequency measure-
ment times, and wherein each delay circuit delay circuit
delays a respective frequency measurement circuit by a
factor of 2 where n is a variable value from 1 to N,
where N is the number of frequency measurement cir-
cuits.

14. The circuit of claim 11 further comprising the interface
providing the continuous updates of the ratio of the transmit
clock domain frequency to the receive clock domain fre-
quency as a sequential plurality of frequency values to a phase
estimator circuit.

15. The circuit of claim 14 wherein each detection interval
measurement value comprises a time delay used in a phase
detection circuit in terms of the transmit clock domain fre-
quency, and wherein the phase estimator circuit receives even
and odd edge detection values generated by an edge detector
circuit and derives estimated phase data of the transmit clock
based on the even and odd edge detection values and the
plurality of frequency values and the plurality of detection
interval measurement values.

16. The circuit of claim 15 further comprising an even/odd
synchronizer coupled to the phase detection circuit and pro-
cessing the estimated phase of the transmit clock and data
transmitted from the transmit clock domain to generate
receive data synchronized to the receive clock domain fre-
quency.



